METHODS:
We performed a prospective study of consecutive children (ages 2-17 years) undergoing diagnostic or post-treatment endoscopy scored real-time with EREFS from December 2012 through 2016.
Findings from 192 diagnostic endoscopies and 229 post-treatment endoscopies were evaluated, from 371 children. Incident EoE cases were diagnosed based on 2011 consensus guidelines. Patients were treated with either elimination diet or topical steroids. Subjects who underwent endoscopy for symptoms of esophageal dysfunction but had normal esophageal findings from histology analysis were used as controls. EREFS and receiver operating characteristic curves were determined for incident EoE cases (n [ 77) vs controls (n [ 115), patients with active EoE (n [ 101) vs inactive EoE after treatment (n [ 128), and paired pre-and post-treatment cases of EoE (n [ 85). Component and composite scores were correlated with eosinophilia.
RESULTS:
Visual detection of more than 1 esophageal abnormality during the diagnostic endoscopy identified children with EoE with 89.6% sensitivity and 87.9% specificity. EREFS correlated with peak level of eosinophilia (P < .001) at all esophageal levels. Children who responded to therapy had mean EREFSs of 0.5 compared to 2.4 in non-responders. In comparing pre-treatment vs post-treatment data from 85 patients, we found a significant reduction in the composite EREFS (from 2.4 to 0.7) (P < .001) among patients who responded to treatment; 92% of responders had a reduced EREFSs after treatment. EREFSs identified children with EoE with an area under the curve value (AUC) of 0.93. EREFSs identified children with active EoE following treatment with an AUC of 0.81 before treatment and an AUC of 0.79 after treatment.
CONCLUSIONS:
In a prospective study of children undergoing diagnostic or post-treatment endoscopy, we found the EREFS to accurately identify those with EoE. Children who responded to therapy had lower EREFS scores than non-responders. EREFSs can be used to measure outcomes of pediatric patients, in conjunction with histology findings, and assess treatments for children with EoE.
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E osinophilic esophagitis (EoE) is a chronic immune disease characterized by symptoms of esophageal dysfunction and eosinophil-predominant esophageal inflammation. Consensus guidelines for diagnosis of EoE in children recommend 6-8 weeks of high-dose proton pump inhibitor followed by esophagogastroduodenoscopy (EGD) with biopsy demonstrating at least 15 eosinophils per high powered field (eos/hpf). 1 Additionally, EGD is necessary for surveillance and to assess disease activity following treatment. 1 In 2013 Hirano et al 2 proposed the endoscopic reference score (EREFS) classification system as a way for standardization and reporting the endoscopic signs of EoE in adults. This classification has demonstrated good interobserver and intraobserver concurrence. 2, 3 Since then several studies in adults have demonstrated that this metric is highly predictive of EoE diagnosis and responsive to treatment. [4] [5] [6] [7] Multiple case reports and retrospective studies in children have reported findings of edema, furrows, white plaques, rings, and stricture during endoscopy. However, rings and stricture are less prevalent in children than adults. [8] [9] [10] [11] Although these individual findings have been described in children, the standardized EREFS classification has not been applied and its utility for diagnosis and response to treatment as an outcome measure has not been studied.
The aims of this study were (1) to determine the diagnostic utility of EREFS in diagnosing EoE in children, (2) determine the diagnostic utility of EREFS in assessing post-treatment disease activity in children previously diagnosed with EoE, (3) assess the longitudinal changes with therapy, (4) assess chronic endoscopic remodeling in EoE, and (5) determine the best scoring approach to use EREFS as an outcome metric.
Methods

Study Design
We performed an analysis of a prospective longitudinal cohort of children, ages 2-17 years, undergoing endoscopy with biopsy at Ann & Robert H. Lurie Children's Hospital of Chicago between December 2012 and December 2016. Only endoscopies performed by two authors (A.F.K. and J.B.W.) were included in our analysis. This study was approved by the Lurie Children's Hospital Institutional Review Board. A waiver of consent to consecutively register children undergoing either diagnostic or follow-up EGD in those previously diagnosed with EoE was obtained for this study.
Case Definitions
Incident EoE cases were diagnosed as per 2011 consensus guidelines: 1 or more symptoms of esophageal dysfunction and demonstration of at least 15 eos/hpf on esophageal biopsy after 8 weeks of high-dose twicedaily proton pump inhibitor therapy. Patients with connective tissue disorder, prior esophageal surgery, or varices were excluded. Inactive disease was defined as peak eosinophil count <15 eos/hpf. Subjects who underwent endoscopy because of symptoms of esophageal dysfunction with normal esophageal histology were classified as control subjects. Subjects with proton pump inhibitor-responsive esophageal eosinophilia, connective tissue disorder, inflammatory bowel disease, inlet patch, prior esophageal surgery, and those with concurrent eosinophilic gastroenteritis and eosinophilic colitis were excluded.
Clinical and Histologic Data
Endoscopic findings were incorporated into a standardized operative/procedure note using the EREFS classification system for endoscopies performed by A.F.K. and J.B.W. Both endoscopists used a visual, descriptive EREFS atlas in the endoscopy suite for accurately grading the severity of the individual findings to maintain standardized reporting. The EREFS classification system rates the severity of edema (0-2), rings (0-3), exudates (0-2), furrows (0-2), and strictures (0-1) and was graded separately for each third of the esophagus. This atlas, the basis for his initial study describing EREFS, was provided by Dr. Hirano. 2 The scores were recorded in the procedure suite at the time of endoscopy, and endoscopists were blinded to prior findings; however, they were aware of clinical data and indication for endoscopy. Clinical data, such as demographics, concomitant atopic history, and medical history, and pathologic data were collected by chart review of the electronic medical record to a deidentified database. The presence of IgE-mediated food allergy was assessed by chart review. At least 3 biopsies each from distal, mid, and proximal esophagus were obtained for the study during the endoscopy that was performed under general anesthesia. Peak eosinophil counts were used for the purpose of this study and were obtained from the pathologist report.
Patient Cohorts
Three patient cohorts were derived for this study. A diagnostic cohort consisted of patients undergoing endoscopy for suspected EoE, and included incident subjects with EoE and control subjects. The second posttreatment cohort consisted of active and inactive EoE patients who were treated with either elimination diet or topical steroids. The third group was comprised of a longitudinal cohort of paired pretreatment and posttreatment EGD. Patients in the longitudinal cohort were treated with either diet elimination or swallowed steroids.
Statistical Analysis
Fisher exact test was used to compare categorical variables. Nonparametric Mann-Whitney (2 groups) or Kruskal-Wallis rank sign tests with Dunn post hoc testing (3 groups) were used to compare eos/hpf and EREFS scores. Spearman coefficients were determined for the correlation between EREFS scores and peak eos/hpf. Receiver operating characteristic (ROC) curves were generated from the combined scores in each cohort. Linear regression was used to determine the relationship between the change in eos/hpf and the change in inflammatory EREFS scores. GraphPad Prism version 6.0 (La Jolla, CA) and SPSS version 22.0 (Armonk, NY) were used for statistical calculations.
Results
Clinical Characteristics of Diagnostic and Post-treatment Cohorts
There were 192 subjects in the diagnostic cohort. There were no significant differences in age, ethnicity, asthma, or eczema between EoE and control patients shown in Table 1 . A significant increase was identified in the EoE population for male gender (75% vs 47%), IgEmediated food allergy (43% vs 16%), and allergic rhinitis (74% vs 49%; P < .05). Most EoE patients had at least 1 abnormal visual finding (90%), compared with only 14% of control patients. All visual findings were significantly different between EoE and control patients. The average peak eos/hpf were 2 in control subjects and 60 in EoE patients (P < .001). Rings were present in one-third of the EoE patients and there were no strictures in any of the cohorts. Of the 77 EoE patients in the diagnostic cohort, 6 (7.7%) had upper gastrointestinal studies and 14 (18%) had an esophagram, neither of which identified any abnormalities.
Clinical characteristics of 229 EoE patients in the post-treatment cohort are shown in Table 2 . Patients were separated into active (!15 eos/hpf) and inactive EoE (<15 eos/hpf) groups. There were no differences in age, gender, ethnicity, and atopic disorders, except patients with active disease had a higher likelihood of IgE-mediated food allergy (56% vs 31%; P < .001). Significantly more patients with active EoE continued to have edema (72%), exudates (50%), and furrows (69%) compared with those with inactive EoE (P < .001), although there was no difference in rings. The average peak eos/hpf for proximal, mid, and distal esophagus in the active EoE group were 23, 35, and 45 compared with 0.8, 1.4, and 2.7 eos/hpf, respectively, in the in inactive EoE group (P < .001).
There were 85 patients in a longitudinal subgroup divided into treatment responders (n ¼ 53) and nonresponders (n ¼ 32). There were no differences in baseline characteristics (demographics, atopy, visual findings) or treatment type (steroids vs elimination diet) between responders and nonresponders (Supplementary Table 1 ).
Utility and Association With Histology of Individual Endoscopic Reference Score Components
We next determined the utility of individual findings to identify active EoE in the diagnostic and posttreatment cohorts. Edema, exudate, and furrows had a high sensitivity (89%, 96%, 89%), specificity (88%, 76%, 90%), diagnostic odds ratio (55.3, 67.8, 72.4), and accuracy (88.0, 80.7, 89.6) for identifying active EoE in the diagnostic cohort; however, the sensitivity, specificity, diagnostic odds ratio, and accuracy was lower in the post-treatment cohort shown in Table 3 . The correlation between EREFS scores for individual findings and peak eos/hpf in the proximal, mid, and distal esophagus in diagnostic and post treatment endoscopies is shown in Supplementary Figure 1 . A significant difference in eosinophilia was found between the absence of each finding (score of 0) and a severity score of 1 or 2 (P < .05). However, between scores of 1 and 2, only edema in the proximal esophagus (diagnostic group) and furrows in the mid/distal (post-treatment group) demonstrated significant differences in eosinophilia (Supplementary Table 2 ). Additionally, no significant differences in eosinophilia were seen in those with posttreatment rings, consistent with the observation that rings identify fibrostenotic tissue remodeling.
Composite Scores Have Utility in Diagnosis and Treatment Assessment
Because the individual EREFS scores demonstrated variable utility and poor correlation with the degree of eosinophilia, we further investigated whether composite EREFS scores would be a more reliable predictor of active EoE. Three composite scores were generated similar to what has previously been described in adults: (1) a composite EREFS score made up of the sum of the maximal overall score for each individual sign; (2) an inflammatory EREFS score, derived by adding the 3 inflammatory signs (edema, exudate, furrows), but excluded rings and stricture; and (3) a modified EREFS score that only added up presence (1) vs absence (0) of all visual findings similar to what was first proposed by Hirano et al 2 in 2014 in adults. All scores correlated significantly with peak eos/hpf shown in Figure 1 , with the inflammatory score having the superior correlation within both the diagnostic cohort and post-treatment cohort (R ¼ 0.83 vs 0.82, 0.75; and R ¼ 0.66 vs 0.59, 0.56). Similar correlations were found for the 3 sites (proximal, mid, distal) within the esophagus shown in Supplementary Figure 2 . Although scores of 1 versus 2 did not clearly identify differences in eos/hpf, we found a strong correlation between composite scores and eosinophilia in the diagnostic and post-treatment cohorts.
Utility of Scores to Identify Diagnosis and Disease Activity
Because the composite scores correlated highly with eosinophilia, we next determined whether the EREFS inflammatory score could distinguish EoE patients from control subjects in the diagnostic cohort and active from inactive EoE in the post-treatment group. Mean EREFS inflammatory score in the diagnostic group was 2.6 in EoE patients and 0.2 in control subjects (P < .001). In post-treatment EoE patients, the EREFS inflammatory score was 2.4 in active EoE and 0.5 in inactive EoE (P < .001). This is shown in Figure 2A and B. Receiver operating characteristics for the inflammatory score had a similarly high area under the curve of 0.93 for EoE diagnosis and 0.81 for post-treatment active disease ( Figure 2C and D) . Taken together, our data suggests the EREFS inflammatory score is highly correlative with eosinophilia and effectively identifies EoE from control, and active from inactive disease.
Longitudinal Changes in Endoscopic Reference Score With Treatment
We next determined whether the change (D, delta) in the EREFS inflammatory score before to after therapy associated with and predicted treatment response. In the longitudinal group, we determined the D EREFS inflammatory score between the baseline (pretreatment) and post-treatment EREFS scores (Figure 3) . The D inflammatory score in responders was 2.4 compared with 0.7 in nonresponders ( Figure 3A ; P < .001). This difference had a strong area under the curve of 0.79 ( Figure 3B) , with excellent specificity for values >2 to identify treatment responders. By linear regression, the change in EREFS inflammatory score significantly predicted the change in esophageal eosinophilia (R 2 ¼ 0.22; P < .001), independent of age ( Figure 3C ). This suggests the change in EREFS inflammatory score has utility in identifying the response to therapy.
To understand specific endoscopic changes in responders versus nonresponders, we examined the change in individual EREFS scores by responder status. We found a significant difference in edema, exudate, and furrows, with no difference in rings ( Figure 3D ). Finally, to understand the relationship between the change in visual findings and the change in eosinophilia, regression modeling was performed with the change in eosinophils (D eosinophils) as the outcome and change in score (D score) for each individual finding (Supplementary Table 3 ). Controls were included in the model for treatment type (elimination diet vs swallowed steroids) and time (between EGDs), age, and pretreatment EREFS/ eosinophilia. This demonstrates the change in furrows (P < .001) and exudates (P ¼ .001) scores independently predict the change in eosinophilia.
Discussion
The EREFS scoring system was proposed and validated as a standardized reporting of endoscopic features of EoE in adults. In this study, we evaluated the utility of EREFS for diagnosis, post-treatment surveillance, and longitudinal treatment response in children with EoE and control subjects. Although individual component scores had a poor correlation with esophageal eosinophil counts, composite scores correlated significantly. Most notably, the EREFS inflammatory score accurately distinguished newly diagnosed EoE patients from control subjects, post-treatment active from inactive EoE, and longitudinal changes associated with treatment response.
Our diagnostic cohort was notable for a high prevalence of abnormal visual findings in newly diagnosed EoE patients compared with control subjects, similar to findings in adults. 12 We found a high sensitivity and specificity for edema, exudates, and furrows for EoE diagnosis consistent with previous retrospective studies. 9 In contrast to a meta-analysis of endoscopic findings in EoE, all visual abnormalities were more prevalent with higher sensitivity and specificity in our study. 12 This may be caused by elimination of selection and recall bias from use of a reference atlas and intraoperative real-time EREFS scoring, or perhaps by reporting from only 2 EoE specialists. The prevalence, sensitivity, and specificity of inflammatory findings (edema, exudates, furrows) was higher than for rings, supporting the concept that, at diagnosis, EoE is an inflammatory disease in children. This work further examines EREFS in the post-treatment setting, and significant differences were identified when comparing the absence (score of 0) or presence (1 or 2) of inflammatory findings. This differs from the observations by van Rhijn et al, 5 who found no difference in exudates and edema between patients with active and inactive EoE. This difference could be explained by a potential recall bias because van Rhijn et al 5 used retrospective review of still images from archived procedure reports. Real-time or video imaging likely provides more accurate assessment of endoscopic features, especially regarding presence of vascular markings that can vary with degree of esophageal luminal distention. This study noted the presence of active disease in all patients with severe rings, 5 whereas we found no difference in rings between active and inactive disease nor treatment responders versus nonresponders. Correlation between histology and endoscopy may be enhanced from matching endoscopic and biopsy location of specific esophageal regions (proximal, mid, distal).
Consistent with prior reports, we found limited utility for EREFS scores 1 versus 2 for individual findings to distinguish eosinophil counts. 5, 6, 13 Dellon et al 4 assessed an EREFS inflammatory score, derived by adding the maximum score for edema, exudate, and furrows. We found this score well correlated with eosinophilia in all areas of the esophagus (proximal, mid, and distal), and ROC analysis showed the score accurately distinguished incident EoE from control, and post-treatment active from inactive disease. Interestingly, Dellon et al 4 found the EREFS score was enhanced by weighting exudates, rings, and edema, whereas modeling in our pediatric cohort identified furrows and exudates as the strongest predictors of eosinophilia. Although a fibrotic score was found to be a good predictor of active versus inactive EoE in adults, 5 our study found no difference for ring scores between active and inactive disease, consistent with the inflammatory nature of pediatric EoE.
Novel to this study is the use of the EREFS inflammatory score metric to quantify longitudinal changes in visual findings with therapy in children with EoE. A significant reduction was found in the EREFS inflammatory score in treatment responders (92%) compared with nonresponders (53%). The change in the inflammatory score predicted treatment responder status reasonably well, with an area under the curve of 0.79. Specifically, a significant correlation was found between changes in exudates and furrows scores and changes in eosinophilia independent of treatment type, time between endoscopies, and age. This identifies a role for EREFS scoring in children as an outcome metric for therapy given the strong correlation between the change in histologic inflammation and EREFS scores in treatment responders versus nonresponders. Curiously, a subset of patients in the post-treatment group with inactive EoE had inflammatory findings including furrows and edema. Whether further clinical investigation should be considered in patients who have less than 15 eos/hpf but persistent endoscopic abnormalities requires more prospective natural history studies to determine the long-term clinical, endoscopic, and histologic consequences.
A significant strength of our study is the timing and method of data collection with scores recorded realtime to an operative report limiting potential selection and confirmation bias. Additionally, our study is the first in children and adults to evaluate 3 levels of the esophagus: proximal, mid, and distal. Finally, our study is the largest prospective diagnostic pediatric EoE cohort to describe visual findings with comparison with control subjects, which enhances the generalizability of our findings.
Several potential limitations exist with our study. Endoscopists were not blinded to the patient's medical information (demographics, medication, symptoms); however, prior endoscopy findings were not reviewed at the time of the procedure. We were unable to assess interobserver differences between endoscopists because of real-time scoring of EREFS at endoscopy rather than pictures, and no kappa coefficient was assessed. Another limitation is that intraobserver variability over the course of this 4-year study was not measured, and may have changed with time and experience. Data was assessed from only 2 endoscopists, both with experience and expertise in EoE; however, interobserver and intraobserver reliability of EREFS is strong among academic gastroenterologists, 2,3 thus our findings are most generalizable to pediatric EoE specialists. A final limitation was inclusion of patients on different treatment modalities (swallowed steroids or diet elimination); however, no differences were found comparing these groups.
Conclusions
This is the first study to use EREFS scoring metric intraoperatively in children. This study demonstrates composite EREFS scores are a useful diagnostic tool and a treatment response outcome metric. These scores had a significant correlation with peak eosinophil counts in the diagnostic and post-treatment setting. We confirm the composite inflammatory score as an outcome metric to assess presence, response, and activity in children with EoE, in conjunction with clinical and histologic assessment.
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